This study performed a series of experiments to examine the hydraulic-mechanical properties of granite-weathered residual soil in the Korean Peninsula. Particular attention was paid to the soil-water characteristic curve (SWCC) and shear strength under various stress states and matric suction levels. The experimental results indicated the decisive influence of the stress state on the SWCC, notably in the low range of matric suction. In addition, the evolution of shear strength with suction became significant under high net confining stress. The effective stress using the stress-independent SWCC could not describe the actual mechanical behaviors of the unsaturated soil. The relevant effective stress for the granite-weathered residual soil in consideration was then proposed. Next, a numerical framework for strength analysis with infiltration was developed to manifest the practical applications of the experimental results. The analysis results revealed the potential failure mechanisms of the geotechnical infrastructures induced by rainfall. Ignoring the contribution of matric suction may lead to overly conservative outcomes and cannot capture the realistic performance of soil under the rainfall condition. Moreover, the stress-dependent hydraulic properties are suggested for application in strength analysis for the safer design of geotechnical infrastructure.
theory, several apparent limitations were faced in modeling the real behaviors of unsaturated soil. Jennings and Burland (1962) indicated the incapability of this concept to capture the wetting collapse phenomena of unsaturated soil. Fredlund et al. (1978) argued for the presence of a material parameter (i.e., c) in the stress state formula.
On the basis of multiphase continuum mechanics, Fredlund and Morgenstern (1977) suggested the independent stress state variables concept. Later, Fredlund et al. (1978) formulated a strength criterion for the unsaturated soil, in which the angle f B indicating the contribution of matric suction to the shear strength was added to the Mohr-Coulomb failure criterion. Recently, Oh and Vanapalli (2012) showed that the prediction with constant f B could lead to a significant deviation from the measurements by in situ plate load tests.
With notable advances in experimental techniques, the apparent limitations of the single effective stress concept were revisited. The variation of matric suction was proved to affect not only the stress state of material but also the yield surface limit (Cui and Delage, 1996) . Therefore, under certain stress conditions, the wetting collapse phenomenon can be interpreted as linking to the suction effect. Recent developments of theoretical works also indicated that the Bishop-like effective stress thermodynamically conjugates to the soil deformation (Laloui et al., 2003; Coussy et al., 2010 ). The SWCC model was then integrated into the Bishop effective stress with a selected formula of c to derive a semi-analytical equation for the shear strength of unsaturated soil . Lu and Griffiths (2004) discussed the role and possible practical forms of c to derive the steady-state suction stress in unsaturated soils. Lu and Likos (2006) discussed in detail the conceptualization of the suction stress characteristic curve for unsaturated soils. Later, Lu et al. (2010) applied the suction stress concept to implement the effective stress for unsaturated soils as an extension of the Bishop effective stress, in which the effective saturation (S e ) was applied for c. The suction stress concept, as well as the associated effective stress for unsaturated soils, has been broadly adopted for unsaturated slope stability analysis with rainfall infiltration (Lu and Godt, 2008; Bittelli et al., 2012; Oh and Lu, 2015; Pham et al., 2018a) .
Recently, the state-of-the-art constitutive models identified the need for a comprehensive stress framework, consisting of the Bishop-like effective stress and the other stress variables, for hydromechanically modeling unsaturated soil (Khalili et al., 2008; Lloret-Cabot et al., 2016) .
In past decades, numerous studies have used the proposed forms of effective stress to implement frameworks for unsaturated stability analysis (Griffiths and Lu, 2005; Lu and Godt, 2008; Godt et al., 2012) . Also, the factors influencing the potential failure mechanisms of the partially saturated slope with infiltration were indicated (Tsaparas et al., 2002; Pham et al., 2018b) . However, most of these studies assumed that the domain in consideration was homogeneous regarding the SWCC. Furthermore, a specific form of effective stress was adopted to describe the mechanical behaviors of unsaturated soils. Laloui et al. (2003) and, later, Coussy et al. (2010) pointed out the requirements for application of the Bishop effective stress. The value of c is stated to vary case by case depending on the selection of specific material or assumptions on its microstructure (Alonso et al., 2010) . In addition, several experiments have been performed to identify c (Vanapalli and Lane, 2002; Lee et al., 2005; Kim et al., 2013) . In general, determining c is conducted indirectly by measuring shear strength for different matric suction, along with the Mohr-Coulomb criterion. However, because of the insufficient experimental database, most studies in literature adopted the stress-independent SWCC.
This paper aims to explore the hydraulic-mechanical properties of granite-weathered residual soil, which is one of the most common soil types in the Korean Peninsula. Particular attention was paid to the SWCC and shear strength under various stress states and matric suction levels. A series of confining pressurecontrolled extractor (CPCE) tests and unsaturated triaxial tests were performed to capture these features. The recently proposed formulas of c along with the experimental data were then used to identify the suitable formula of c for the granite-weathered residual soil. Next, a numerical framework for strength analysis with infiltration was implemented to manifest the practical applications of the experimental results.
Experimental Study
The CPCE test was performed to identify the variation of SWCC under different net confining stress. The unsaturated triaxial test was conducted to evaluate the evolution of shear strength with matric suction. A typical triaxial apparatus was remodeled for the present experimental study. Details of the experimental apparatus, as well as the procedure for conducting the tests, are found in Lee et al. (2005) . In this paper, the experimental results were analyzed according to the state-of-art studies by focusing on the hydraulic-mechanical properties of granite-weathered residual soil in the Korean Peninsula.
Material and Specimen Preparation
This experimental study was performed on the graniteweathered residual soil. According to the classification system of the Unified Soil Classification System (USCS), the soil in consideration is classified as silty sand. The results of the X-ray diffraction test showed that this material mainly consists of feldspar (50%), quartz (33.3%), and mica (9%). The maximum dry density is 18.64 kN m −3 , and the corresponding optimum moisture content is 10%. Table 1 summarizes the geotechnical properties of this graniteweathered residual soil.
For sample preparation, the granite-weathered residual soil was oven dried at 95°C for 48 h and sieved to remove the soil particles >2 mm. The soil samples were then reconstituted at the relative compaction ratio of 90%, which represents the porosity of 0.36, by static compaction and mixed with distilled water at a water content of 10%. To ensure the uniform water distribution, the samples were kept in the humidity-controlled desiccator for 24 h. Table 2 presents the specimen size for the experimental study.
Confining Pressure-Controlled Extractor Test
The CPCE test is modified from the pressure plate extractor test to address the effect of net confining stress on the SWCC. The pedestal of CPCE has the same diameter as the specimen size. A ceramic disk, which has the air-entry value of 550 kPa, was placed at the bottom of the specimen to permit water to flow out to a reservoir when the suction is greater than the air-entry value. A transducer is connected to the cell pressure controller line to monitor the overall volume change of the specimen.
The overall volume change of specimen and water content are indirectly estimated by the amount of water expelled from the specimen with the aid of the transducer. Several factors (e.g., air diffusion, the effects of temperature and pressure on soil-water volume, and the air bubble within the cell) can affect the accuracy of the experiment. A diffusive air volume indicator (DAVI) was then used to control the air diffusion. In the sample preparation step, the distilled water was mixed with the soil sample. In addition, the ambient temperature was maintained constant throughout the tests. The upward movement of the diffused air bubbles is controlled by a liquid cleaner, which has low surface tension. Furthermore, the effect of pressure and temperature on the change of water volume was identified by conducting the tests on an identical dummy specimen made of acrylic material. The results were then used to calibrate the apparatus.
The prepared sample was placed in the CPCE cell and loaded to the target confining pressure with the drained condition. The confining pressure was maintained throughout the test. Four different values of net confining stress of 0, 100, 200, and 300 kPa were applied for evaluating its influence. The air pressure was gradually applied to drain the pore water out through the ceramic disk. This process continued until reaching the equilibrium state by the matric suction. The transducer measured the volume of water expelled from the sample. The volumetric water content by each value of matric suction was then determined indirectly from the measurements in the transducer, the water content of the soil specimen calculated after oven drying, and the volume change of the specimen.
Unsaturated Triaxial Test
After back pressure was applied to saturate the specimens, the confining stress, air pressure, and water pressure were applied to designated values. The experiment was conducted at the confining stress of 50, 100, 200, and 300 kPa under both saturated condition and unsaturated condition with the matric suction of 50, 100, 200, and 300 kPa. The water and air pressure applied to the specimen were recorded on the transducers. In addition, the amount of water flows out of the specimen was traced by volume change transducers during the test. The consolidation stage was considered to finish when the overall volume changes of water flow out of the specimen was no longer detected.
As consolidation was completed, the axial load was then applied at the given strain rate of 0.0001% s −1 under drained conditions. The magnitude of the axial load was measured from a load cell. The loading process is terminated when the selected failure criterion is met. Depending on the magnitude of the applied air pressure, the measurement of diffuse air was performed frequently to ensure the accuracy of the experiment. Furthermore, it is essential to correct the measurement of water volume presumably influenced by the diffused air volume.
Experimental Results

Soil-Water Characteristic Curve
For the sake of simplification, the van Genuchten (1980) (VG) SWCC model, as shown in Eq. [1], was selected to describe the SWCC mathematically. According to the experimental data from the CPCE test, the model parameters of the VG SWCC model were determined using the curve-fitting technique with the aid of a nonlinear fitting program (Seki, 2007) :
where q S and q R are the volumetric water content of material in the saturated and residual state, respectively; u a and u w are the pore air pressure and pore-water pressure, respectively; and a and n are the model parameters. Table 3 summarizes the values of model parameters of the VG SWCC model determined using the curve-fitting technique. Since the wetting path of the SWCC was not obtained in the CPCE test, the value of saturation suction (s sa ) can be determined by the suggestion of Sheng et al. (2011) . Figure 1 shows the SWCC of granite-weathered residual soil at different net confining stresses. The influence of net confining stress on the SWCC was varied between the saturated condition (u a − u w £ s e ) and the unsaturated condition (u a − u w > s e ). Under the saturated condition, an increase in net confining stress resulted in a decrease in the volumetric water content of samples. On the contrary, under the unsaturated condition, an increase in net confining stress led to an increase in the volumetric water content at the same matric suction, and less steep SWCC models. However, for the sufficiently high value of matric suction (i.e., u a − u w > 1500 kPa), the difference in the volumetric water contents corresponding to different net confining stress was insignificant.
Furthermore, the increase in confining stress also caused a corresponding increase in both the air-entry value and the saturation suction. An approximately linear relationship between the net confining stress and the air-entry value, as well as the saturation suction, was also observed, as shown in Fig. 2 .
Unsaturated Triaxial Tests
According to the experimental results, the saturated critical state line (CSL) of the granite-weathered residual soil in the deviatoric stress-mean effective stress plane has the slope (M) of 1.70 and intercepts the deviatoric axis at 37.14 kPa, which is equivalent to the effective stress friction angle f¢ = 41.4° and cohesion c¢ = 19.3 kPa.
The experimental data were then used to identify the relevant effective stress of the granite-weathered residual soils under unsaturated conditions. The identification was performed in a comparative manner among the recently proposed formulas of c, as summarized in Table 4 . The effective stress was considered the most suitable when its associated unsaturated failure criterion best fits the experimental data, and the estimated CSL in deviatoric stress-mean effective stress plane was unique for both saturated and unsaturated conditions. Fundamentally, the formulas of c in consideration can be sorted into two categories: (i) relating to the volume fraction of water phase (Schrefler, 1984; Vanapalli et al., 1996; Alonso et al., 2010) , and (ii) relating to the stress history (Khalili and Khabbaz, 1998; Sheng et al., 2008) .
The associated unsaturated failure criteria can be obtained by submitting the Bishop effective stress (Eq. ( ) 6sin 6 cos , 3 sin 3 sin
where s¢ is the effective stress, s − u a I is the net total stress, I is the unit vector, and p is the net mean stress. Figure 3 presents the relationship between the deviatoric stress (q) and matric suction (s) under different net confining stress. The experimental results demonstrated that the increase in the net confining stress and matric suction improved the shear strength of granite-weathered residual soil. Notably, the influence of net confining stress on the variation of the deviatoric stress was more significant than that of the matric suction. To be specific, the increase in net confining stress from 0 to 300 kPa resulted in the increment of deviatoric stress (Dq) in the range of 1171.54 to 1341 kPa concerning different matric suction levels. On the other hand, the maximum Dq resulted from the change in matric suction was observed under the net confining stress of 300 kPa (e.g., Dq » 366 kPa), as shown in Fig. 3d . In addition, under the net confining stress of 0 kPa, the minimum Dq resulted from the change in matric suction was observed (e.g., Dq » 196 kPa), as shown in Fig. 3a . In other words, the contribution of matric suction to the shear strength became significant under high net confining stress. Table 5 summarizes values of the additional parameters for the unsaturated failure criteria, aside from the model parameters of the SWCC model. The Nash-Sutcliffe efficiency (NSE), as shown in Eq. [4], was adopted to evaluate the correlation between the experimental data and the critical points predicted from the unsaturated failure criteria examined:
where y i obs is the ith experimental data, y i pre is the ith predicted data, and y i mean is the mean of the experimental data.
The evaluation results, which are summarized in Table  6 , demonstrate that the unsaturated failure criteria with both expressions of c proposed by Alonso et al. (2010) showed a better agreement with the experimental data, among the criteria examined, mainly when the net confining stress was >100 kPa. The NSE values of these two expressions were remarkably higher than the other criteria, as shown in Table 6 . Meanwhile, the criterion of c = S R (where S R is the degree of saturation) suggested by Schrefler (1984) , and the one proposed by Sheng et al. (2008) defined the upper and lower bound, respectively. However, as the net confining stress increased, the former criterion showed a better correlation 
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in the increment of deviatoric stress (Dq) in the range of 1171.54 to 1341 kPa concerning different matric suction levels. On the other hand, the maximum Dq resulted from the change in matric suction was observed under the net confining stress of 300 kPa (e.g., Dq » 366 kPa), as shown in Fig. 3d . In addition, under the net confining stress of 0 kPa, the minimum Dq resulted from the change in matric suction was observed (e.g., Dq » 196 kPa), as shown in Fig. 3a . In other words, the contribution of matric suction to the shear strength became significant under high net confining stress. Table 5 summarizes values of the additional parameters for the unsaturated failure criteria, aside from the model parameters of the SWCC model. The Nash-Sutcliffe efficiency (NSE), as shown in Eq. [4] , was adopted to evaluate the correlation between the experimental data and the critical points predicted from the unsaturated failure criteria examined:
The evaluation results, which are summarized in Table  6 , demonstrate that the unsaturated failure criteria with both expressions of c proposed by Alonso et al. (2010) showed a better agreement with the experimental data, among the criteria examined, mainly when the net confining stress was >100 kPa. The NSE values of these two expressions were remarkably higher than the other criteria, as shown in Table 6 . Meanwhile, the criterion of c = S R (where S R is the degree of saturation) suggested by Schrefler (1984) , and the one proposed by Sheng et al. (2008) defined the upper and lower bound, respectively. However, as the net confining stress increased, the former criterion showed a better correlation with the experimental data, which was expressed by the increase of NSE from 0.8559 to 0.9945, whereas in the latter criterion, the variation of NSE was insignificant. In addition, the criteria of c proposed by Khalili and Khabbaz (1998) and Vanapalli et al. (1996) were close to each other.
Next, the uniqueness of the CSL in the deviatoric stress-mean effective stress plane was discussed. The stress variables were calculated using the Bishop effective stress (Eq. [2]), along with the formulas of c mentioned above, whose parameters are summarized in Table 5 .
Evident convergence of all the critical points toward the saturated CSL across the considered range of matric suction was observed for all formulas of c, as shown in Fig. 4 . Table 7 summarizes the results of statistical evaluation for the correlation between the saturated CSL and the critical points predicted from effective stress corresponding to each c in consideration. More specifically, the effective stress formula with both expressions of c proposed by Alonso et al. (2010) was best fitted to the saturated CSL [min(NSE) = 0.9989] compared with the other examined formulas. On the other hand, the effective stress formula with c suggested by Sheng et al. (2008) showed an inferior correlation with the saturated CSL [min(NSE) = 0.9578].
Stress-Independent and Stress-Dependent Soil-Water Characteristic Curve
The analyses above indicated the significant influence of stress state on the SWCC. Under high net confining stress, the contribution of matric suction to enhance the shear strength of unsaturated soils became significant, as shown in Fig. 3 . However, most of the previous studies used the stress-independent SWCC because of the insufficient data. Consequently, the contribution of matric suction and, then, the actual effective stress formula could be misled. This section analyzes the effect of the variation of SWCC under different stress state on the determination for the relevant effective stress. The analysis was performed by comparing the experimental results from unsaturated triaxial tests with the predictions from unsaturated failure criteria using both the stress-independent SWCC and stress-dependent SWCC from the CPCE tests. Only the failure criteria associating to the effective stress with the formulas of c proposed by Alonso et al. (2010) was adopted. Figure 5 presents the experimental results and the predictions for the relationship between the deviatoric stress (q) and matric suction under different net confining stress.
Under low net confining stress, the unsaturated failure criteria using stress-independent and stress-dependent SWCC provided approximate predictions, which well fitted the experimental results, as shown in Fig. 5a . However, when the net confining stress increased, the criteria using the stress-dependent SWCC showed a better correlation with the experimental data, whereas the criteria using the stress-independent SWCC underestimated the contribution of matric suction to the increment of q, as shown in Fig. 5d .
In brief, the experimental study clarified the behavior of SWCC and shear strength of the granite-weathered residual soil under various stress states and matric suction levels. The effective stress with both expressions of c proposed by Alonso et al. (2010) can describe the unsaturated mechanical behavior of the graniteweathered residual soil reliably. Furthermore, the approaches using the stress-independent SWCC could be misleading when determining the relevant effective stress, as well as describing the actual mechanical behaviors of unsaturated soils. In section below, to examine practical applications of the experimental results, a hydromechanical elastoplastic framework is implemented for unsaturated stability analysis with infiltration.
Strength Analysis under Transient Seepage Conditions
This section proposes a numerical framework for strength analysis under unsaturated transient seepage conditions. For convenience, the continuous expression of c proposed by Alonso et al. (2010) was adopted. The complete stress-strain framework for the numerical framework is as follows: 
where s net is the net stress and e is the strain vector. Both the stress-independent hydraulic properties (e.g., SWCC and permeability), which are commonly applied in the literature, and the stress-dependent hydraulic properties were adopted to clarify the influence of this factor. The model parameters of the SWCC model, as summarized in Table 3 , show a relatively linear relation with the net confining stress. Therefore, those values on the other net confining stresses could be interpolated by the obtained values at present. Table  8 summarizes the mechanical properties obtained from the above experimental study, which are required for numerical modeling.
Numerical Implementation
Transient Unsaturated Seepage Analysis
In this section, the one-dimensional numerical framework for transient seepage problem proposed by Pham et al. (2018a) was expanded for the two-dimensional problem. The mixed form of Richards equation (Richards, 1931) , which was proposed by Celia et al. (1990) 
Numerical Implementation
Transient Unsaturated Seepage Analysis
In this section, the one-dimensional numerical framework for transient seepage problem proposed by Pham et al. (2018a) was expanded for the two-dimensional problem. The mixed form of Richards equation (Richards, 1931) , which was proposed by Celia et al. (1990) to ensure the mass conservation of the water phase, can be written as
where q [L 3 T −1 ] is the groundwater flow rate; t [T] is the time; K x (s) and K z (s) are the hydraulic conductivity function (HCF) associated with the selected SWCC model; Y [L] is the pore water pressure head; and z [L] is the elevation head.
The experimental study showed that the VG SWCC model (i.e., Eq. [1]) well fitted the SWCC of the granite-weathered residual soil, illustrated in Fig. 1 . Therefore, the numerical analysis adopted the VG SWCC model and the Mualem-van Genuchten HCF (Eq. where K s [L T −1 ] is the saturated permeability, which can be described by the Kozeny-Carman formula (Mitchell and Soga, 2005) :
where g w is the unit weight of water (i.e., g w = 10 kN m −3 ), h w is the viscosity of water (i.e., h w = 10 −3 Pa s), and k [L 2 ] is the intrinsic permeability of the soil, which depends on the pore shape factor (k 0 ), the tortuosity factor (T), and the wetted surface area [6]
The experimental study showed that the VG SWCC model (i.e., Eq. [1]) well fitted the SWCC of the granite-weathered residual soil, illustrated in Fig. 1 . Therefore, the numerical analysis adopted the VG SWCC model and the Mualem-van Genuchten HCF (Eq. where K s [L T −1 ] is the saturated permeability, which can be described by the Kozeny-Carman formula (Mitchell and Soga, 2005) : 
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where g w is the unit weight of water (i.e., g w = 10 kN m −3 ), h w is the viscosity of water (i.e., h w = 10 −3 Pa s), and k [L 2 ] is the intrinsic permeability of the soil, which depends on the pore shape factor (k 0 ), the tortuosity factor (T), and the wetted surface area [8]
where g w is the unit weight of water (i.e., g w = 10 kN m −3 ), h w is the viscosity of water (i.e., h w = 10 −3 Pa s), and k [L 2 ] is the intrinsic permeability of the soil, which depends on the pore shape factor (k 0 ), the tortuosity factor (T), and the wetted surface area per unit volume of particles (S 0 ). Referring to the typical values of intrinsic permeability proposed by Kim et al. (2012) for the granite-weathered residual soil in Korean Peninsula, the saturated permeability can be estimated concerning different porosity, as summarized in Table 3 . The nonlinear degree of the governing equation modeling the unsaturated groundwater flow (Eq. [6]) depends on the selected SWCC model and its associated HCF. The finite difference method and backward Euler approximation for space and time discretization were applied to solve Eq. [6] numerically. Furthermore, the simple Picard iteration scheme was used to linearize this equation.
For a given initial condition, the profiles of matric suction and volumetric water content within the domain can be obtained by solving the governing Eq. [6]. The runoff phenomenon is defined when the nodes on the surface of domain achieve the saturated conditions. Furthermore, this study assumes that the rainfall infiltrates into the domain entirely until the runoff phenomenon occurs, and the geometry effect on the infiltration process was neglectable.
Elastoplastic Unsaturated Mechanical Analysis
The converged results of the transient analysis in the previous section (i.e., the profiles of matric suction and volumetric water content) are input to the elastoplastic finite element analysis (FEA) to evaluate the unsaturated mechanical behavior of soil. The global equilibrium condition, which is implemented in the frame of FEA as shown in Eq. [9], is a good starting point to extend the elastoplastic framework for addressing the contribution of matric suction:
( )
where N is the interpolation matrix; F s is the surface loads; r is the density of the medium; V is the total volume; S is the surface; and g is the gravity vector. The Bishop effective stress of Eq.
[5] was adopted into Eq.
[9] to yield the governing equation for the unsaturated mechanical behavior of the granite-weathered residual soil:
In the context of elastoplastic, the Mohr-Coulomb yield criterion along with the nonassociated flow rule was applied. Because the Mohr-Coulomb yield criterion is a piecewise linear yield criterion, a simple stress return scheme without iteration is sufficient for calculating the plastic corrector. The singularity indicator method proposed by Pankaj and Bićanić (1997) was applied to identify the type of stress return: a yield plane, a line at the intersection of two yield planes, or a point at the intersection of yield planes. Moreover, the cutting plane algorithm along with the continuum elastoplastic modulus and path-dependent strategy for stress prediction were used to avoid the second derivatives of the plastic potential function, even still assuring stability and efficiency for computation (Huang and Griffiths, 2009 ). The specific computational procedure is discussed in detail for the individual geotechnical problems.
Numerical Experiments
For simplification, the constant rainfall infiltration rate (q) of 4.2 ´ 10 -5 m s −1 , which is considered extremely heavy rainfall, Table 8 . Mechanical properties of granite-weathered residual soil used in modeling. was chosen for analyses. The initial pore water pressure head was inversely proportional to the distance from the water table [y(x, z, 0) = −z].
Bearing Capacity Analysis
A rigid smooth footing is placed on a domain consisting of granite-weathered residual soil, which has a width of 10 m and the height of 5 m. The eight-node rectangular quadrilaterals element with four Gaussian stress points is used to build mesh configuration. The mesh consists of square elements of side length 0.25 m, with a half-footing width covering two elements on top. The mechanical boundary conditions include the roller conditions on the left and right side and full fixed conditions at the base of the model domain. For transient analysis, the undrained condition is on the left. Meanwhile, the drained condition is on the right-hand side, and at the base of the mesh. Figure 6 illustrates the geometric modeling.
In case of the conventional transient analysis with consideration of the stress-independent hydraulic properties, the model parameters of SWCC under the net confining stress of 0 kPa and the corresponding saturated permeability were adopted. On the other hands, in case of the stress-dependent hydraulic properties, the SWCC under net confining stress of 0, 50, and 100 kPa and their corresponding saturated permeability were specified for the upper, middle, and lower layer of the domain, as shown in Fig. 6 . Figure 7 presents the profiles of pore water pressure throughout the depth of the domain at x = 5 m. During the rainfall, the negative pore water pressure increased toward to the positive side. After 6-h-long rainfall, the difference in the pore water pressure profiles became significant. In case of the stress dependent hydraulic properties, the transient process almost arrived at the steady state with an excessive pore water pressure at the middle of the domain. On the contrary, in the case of the stress-independent hydraulic properties, the time for transient process reaching the steady state was delayed, after 12-h-long rainfall. In addition, at the steady state, the pore water pressure became approximately zero throughout the domain.
The results of the transient analysis were then applied to the elastoplastic FEA to estimate the variation of the ultimate bearing capacity (q u ). Since the footing is smooth and rigid, controlling displacement is used with the magnitude of incremental vertical displacements of 10 −5 m. The tolerance and iteration limit for plastic iteration were set to 10 −3 and 25, respectively. The average pressure on the footing calculated by the average vertical stress (s z ) in the row of Gauss points just beneath the displaced nodes to avoid the shear concentration at the footing edge. Figure 8 presents the variation of q u with time for each examined case.
At the initial state, the bearing capacity analysis was performed both with and without concerning the matric suction. According to the results, q u predicted from the numerical analysis with consideration of the matric suction was ?23% higher than that without the matric suction. It is noted that the result of the latter analysis (q u @ 2697 kPa) is closely consistent with that calculated based on Hansen's theory (Hansen, 1970; q u Hansen @ 2697 kPa).
When the rainfall occurred, the decrease of matric suction resulted in the corresponding reduction in q u for both cases of stress-dependent and stress-independent hydraulic properties. Notably, the result of the analysis using the stress-dependent hydraulic properties inclined more drastically than that from analysis using the stress-independent hydraulic properties. Specifically, after a 12-h-long rainfall, q u predicted from the analysis with the former case reduced by ?24% compared with the initial ultimate bearing capacity. Meanwhile, q u predicted from the analysis with the latter case reduced by ?18% from the initial value. Furthermore, at the steady state, the analysis with the stress-dependent hydraulic properties predicted a significantly lower q u than the analysis with the stress-independent hydraulic properties. 
Slope Stability Analysis
The influence of rainfall on the stability state of a hypothetical slope composed of granite-weathered residual soil is examined in this section. The eight-node rectangular element with four Gaussian stress points and the six-node triangular element with three Gaussian stress points were adopted to build mesh configuration. The geometric modeling of the hypothetical slope for both mechanical and transient problems is illustrated in Fig. 9 . Table 9 summarizes the geometric modeling parameters.
Two cases were performed to evaluate the effect of the variation of hydraulic properties under different stress states on the stability state of the hypothetical slope during the rainfall. The first analysis was performed with the SWCC and saturated permeability under the net confining stress of 0 kPa for all the layers of the slope. In the second analysis, the SWCC under net confining stress of 0, 50, 100, and 150 kPa and their corresponding saturated permeability were assigned to the upper, the first middle layer, the second middle layer, and the lower layer, as shown in Fig. 9 .
The two analyses resulted in markedly different profiles of pore water pressure after 12-h-long rainfall. The profiles of pore water pressure of both cases at x = 4 m, as shown in Fig.  10 , were chosen for detailed discussions. At the early stage of the rainfall, the transient process of these two cases resembled each other. However, the section between the initial profile and the one at t = 12 h, in the case of using the stress-dependent hydraulic properties, was larger than that of the stress-independent hydraulic properties. In other words, the variation of pore water pressure predicted from the former analysis was higher than that from the latter analysis. Furthermore, at the steady state (i.e., t = 24 h), excess pore water pressure at the middle layers of the domain was observed in the transient analysis using the stress-dependent hydraulic properties. Meanwhile, the pore water pressure predicted by the transient analysis using the stressindependent hydraulic properties converged to zero through the depth of domain.
The profiles of pore water pressure and volumetric water content then inputted to the FEA analysis to estimate the stability state of the partially saturated slope. The shear strength reduction algorithm (Dawson et al., 1999; Griffiths and Lane, 1999) was applied to predict the factor of safety (FOS), which represents the stability state. A series of FOS values was adopted to adjust the shear strength (Eq. [11]) at each step. The final value of FOS indicating the failure of the slope is determined according to the definition of failure proposed by Zienkiewicz and Taylor (2000) . That is, after a specified number of iteration, no stress distribution can be found to satisfy both the local equilibrium, the Mohr-Coulomb criterion, and the global equilibrium (Eq. [10]). In this SDSWCC, stress-dependent soil water characteristic curve; SISWCC, stress-independent soil water characteristic curve. Fig. 9 . Geometric modeling of hypothetical slope for stability analysis with infiltration.
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Beside two cases of analyzing with stress-dependent and stress-independent hydraulic properties, the stability analysis without considering the contribution of matric suction was also performed to evaluate the influence of this factor.
At the initial state, the FOS predicted from the analysis without considering the contribution of matric suction was remarkably lower than in the two other analyses that took account of the matric suction. However, as the rainfall infiltration process went through, the FOS gradually decreased with time in the cases considering the matric suction, whereas the variation of FOS predicted from the former analysis was insignificant, as shown in Fig. 11 . Particularly, the reduction in FOS from the analysis using the stress-dependent hydraulic properties was more significant than the analysis using the stress-independent hydraulic properties. At the steady state, the value of FOS analyzed with the stress-independent hydraulic properties was similar to the case without considering matric suction (i.e., FOS = 1.58), which means a stable slope condition. In addition, this value matches well with the result of slope stability by the ordinary method (i.e., FOS = 1.59). On the contrary, the results from the analysis using the stress-dependent hydraulic properties still showed the declining tendency in FOS after 12-h-long rainfall. Also, the value of FOS was remarkably lower than in the other two analyses. In particular, the slope analysis with the stressdependent hydraulic properties indicated a failure of the partially saturated slope (i.e., FOS < 1.5), occurring after 12-h-long rainfall.
Summary and Discussion
The CPCE tests demonstrate the decisive influence of stress state on the SWCC, particularly in the low range of matric suction. This result is conceptually consistent with the framework for describing the mechanical behavior of expansive clays under unsaturated conditions proposed by Gens and Alonso (1992) and the experimental studies Ng and Pang (2000) and Garakani et al. (2015) . The interpretation of the obtained results is linked to the variation of the pore size and the behavior of soil-water. Under saturated conditions, where only water presents in the pore space, the increase in net confining stress causes a decrease in the pore volume, and then a corresponding decline in volumetric water content. However, the decrease in pore volume also implies a reduction in the size of macrospore channels. Subsequently, the soil-water is held in the soil matrix by a higher value of matric suction in unsaturated conditions. As a result, the increase in net confining stress leads to a rise in the air-entry value, as well as the volumetric water content, at the same matric suction, and less steep SWCC models. Under sufficiently high matric suction conditions, the water phase is disconnected and only presents in the separated pore space. At such condition, the effect of confining stress is trivial.
According to the results of the unsaturated triaxial test, enhancing the shear strength of unsaturated soil by the confining stress is still more efficient than by matric suction. The unsaturated strength evolution with matric suction becomes significant under high net confining stress. The reason is that an increase in the net confining stress under unsaturated conditions leads to the correspondent increase in the volumetric water content, as shown in the results of CPCE tests (i.e., Fig. 1) . Therefore, the wetted effective contact area also increases, and the effect of matric suction, subsequently, becomes significant.
The numerical results revealed the potential failure mechanisms of the geotechnical infrastructure on the unsaturated ground during the infiltration process. These outcomes are supported by experimental studies (Vanapalli and Mohamed, 2007; Oh and Vanapalli, 2012) . Furthermore, the numerical study indicates that the analyses ignoring the contribution of matric suction, such as conventional Fig. 10 . Variation of pore water pressure through the depth of domain at x = 4 m predicted from transient analysis using (a) stress-independent hydraulic properties and (b) stress-dependent hydraulic properties. Fig. 11 . Evolution of factor of safety (FOS) of partially saturated slope. SDSWRC, stress-dependent soil-water characteristic curve; SISWCC, stress-independent soil-water characteristic curve.
theoretical approaches, could not represent the realistic mechanical behaviors of unsaturated soils during the transient process. Under unsaturated conditions, the elastic zone, which is defined by the yield criterion, expands due to the matric suction. Therefore, the analyses considering the matric suction predict a relatively higher value of converged footing pressure, in bearing capacity analysis, or FOS, in slope stability analysis, compared with the analyses ignoring the matric suction. However, when the transient process occurs, the decrease of matric suction shrinks the elastic zone, which results in a decline in the converged footing pressure, as well as the FOS predicted from the former analyses. The choice of hydraulic properties concerning stress state significantly influences the strength analysis. The analysis with the stress-independent hydraulic properties, as commonly applied in practices, underestimates the effect of rainfall. This finding can be interpreted in correspondence to the experimental results. According to the CPCE tests, an increase in the confining stress leads to the less steep SWCC model, which implies a decrease in specific moisture content. In other words, the amount of water required to change the matric suction should be reduced. In a real situation, the net confining stress increases with the depth of domain corresponding to a reduction in the porosity of soils, and then a decrease in the saturated permeability, according to the Kozeny-Carman formula. The unsaturated hydraulic conductivity is directly proportional to the saturated permeability, as shown in Eq. [7] . Therefore, the infiltration process becomes slower as getting deeper, which leads to an increase in water stored in a void. The transient analysis using the stress-independent hydraulic properties could not capture these realistic hydraulic responses of unsaturated soils. Consequently, the results of strength analysis during the transient process may be misled.
Conclusions
This study explored two key unsaturated properties of the granite-weathered residual soils including the SWCC and shear strength. Moreover, a numerical framework was implemented for strength analysis with infiltration. The findings are as follows:
ʶ The significant influence of stress state on the SWCC of the granite-weathered residual soil was identified, particularly on the low range of suction (i.e., u a -u w < 1500 kPa). Under unsaturated conditions, an increase in the net confining stress results in an increase in the volumetric water content at the same matric suction, and less steep SWCC models.
ʶ The shear strength evolution with matric suction of graniteweathered residual soils becomes evident under high net confining stress. However, increasing the shear strength of granite-weathered residual soil by net confining stress is still more efficient than the matric suction.
ʶ Both expressions of effective degree of saturation proposed for c by Alonso et al. (2010) are most suitable to describe mechanical behaviors of the granite-weathered residual soil, among the recently proposed formulas.
ʶ The analyses ignoring the contribution of matric suction may lead to overly conservative designs for geotechnical infrastructure. Furthermore, these analyses could not capture the potential failure mechanisms under transient unsaturated seepage conditions.
ʶ The stress-dependent hydraulic properties are strongly suggested for application in strength analysis for a safer design.
